Study Design: Brain wave activity in people with paraplegia, with and without neuropathic pain, was compared to brain wave activity in matched able-bodied controls. Objectives: To investigate whether spinal cord injury with neuropathic pain is associated with a slowing of brain wave activity. Setting: Australia. Methods: Electroencephalographic (EEG) data were collected in the eyes open (EO) and eyes closed (EC) states from 16 participants with paraplegia (eight with neuropathic pain and eight without pain) and matched able-bodied controls. Common EEG artefacts were removed using independent component analysis (ICA). Peak frequency in the y-a band and EEG power in the d, y, a and b frequency bands were compared between groups. Results: The results show significant slowing of the EEG in people with neuropathic pain, consistent with the presence of thalamocortical dysrhythmia (TCD). Furthermore, people with neuropathic spinal cord injury (SCI) pain had significantly reduced EEG spectral reactivity in response to increased or decreased sensory input flowing into the thalamocortical network, as modulated by the eyes open and eyes closed states.
Introduction
Chronic neuropathic pain is a common sequela of spinal cord injury (SCI) occurring in around one-half of people with SCI and is a major contributor to decreased quality of life. 1 However, the mechanisms responsible for neuropathic SCI pain are poorly understood and there are currently no treatments that provide consistent and effective relief. 2 There is evidence that suggests that neuropathic pain may arise from changes in the dorsal horn of the spinal cord following injury and it has been demonstrated in animal SCI models that neuropathic pain-like behaviour is associated with an increased responsiveness of neurons within the dorsal horn. 3 As well as these changes at a spinal level, increasing attention is turning to the brain to understand better the processes that may underlie neuropathic pain following SCI. Electrophysiological studies in animals 4 and humans 5 demonstrate an increased responsiveness and alterations in spontaneous activity of thalamic neurons associated with pain or pain-related behaviour following SCI.
One of the features of altered spontaneous neuronal activity following SCI is an increased proportion of thalamic cells firing in an oscillatory mode, 4, 6 a phenomenon that has been observed in other neuropathic pain conditions and termed thalamocortical dysrhythmia (TCD). 7 In clinical studies using magnetoencephalography (MEG) 7 and EEG 8 to measure brain activity in cortical and subcortical regions, TCD has been characterized by a shift in the dominant spectral power peak towards lower frequencies with significant enhancement of activity in the y frequency range (4-8 Hz). 7, 8 This enhancement of activity in y frequency range occurs in regions associated with pain processing such as insular cortex, anterior cingulate cortex, and primary and secondary somatosensory cortices, 9 and it has been suggested that TCD may form the basis for a range of neurological conditions, including neuropathic pain. [6] [7] [8] [9] This has been further supported by the finding that the relief of central neuropathic pain obtained with therapeutic surgical lesions of the thalamus is associated with a reduction in the enhanced activity in the y frequency range. 10 We recently published experimental evidence indicating a slowing of the human EEG in response to SCI. 11 In a comparison of 20 people with SCI and 20 controls matched for age and sex, the SCI group had consistently lower peak frequencies in the a frequency band (8-13 Hz) at 13 out of 14 sites recorded across the head, with six posterior sites showing a significant reduction (Po0.05). Owing to the prevalence of neuropathic pain in SCI being as high as 50%, 1 we hypothesized that the observed slowing of EEG frequency in SCI may be associated with neuropathic pain.
In the present study, we compared groups of people with SCI with and without neuropathic pain to test the hypothesis that the observed slowing of EEG activity in SCI is associated with neuropathic pain and possibly indicative of TCD. In addition, we investigated differences in brain activity in the thalamocortical network in response to an increase in sensory stimulation by comparing the EEG in resting states with the eyes open (EO) and eyes closed (EC).
Methods

Participants
Twenty people with paraplegia (ASIA A, T4-T12 levels) were recruited, with four being later discarded after medical record checks revealed a history of traumatic brain injury. Eight of the remaining participants had neuropathic pain (seven male, one female, age 35.3711.3 years) and eight did not have neuropathic pain (eight male, age 33.5710.3 years) as determined by their medical records. Able-bodied controls were matched to the paraplegia group for sex and age (age 34.3710.7 years). Pain type and medication details are shown in Table 1 . SCI participants were approached for their willingness to enter the study when they were in-patients in a rehabilitation ward or when they were attending an outpatient clinic for review. Exclusion criteria for the study included loss of consciousness or a period of post-traumatic amnesia following injury, as determined from the participant's medical records. Informed consent to participate was obtained from all volunteers, and ethics approval for the study was obtained from the hospital and university human ethics committees.
Data collection and processing EEG data were recorded at 14 channels (Fp1, Fp2, F3, F4, Fz, C3, C4, P3, P4, T5, T6, Pz, O1 and O2), 12 referenced to Cz, 11, 13 filtered to a bandwidth of DC-500 Hz and sampled at 2048 Hz. Electroopthalmogram (EOG) data were recorded from electrodes placed above and below the right eye and at the left and right outer canthi. Skin preparation reduced electrode impedance below 10 kO. Participants were asked to open and close their eyes at 20 s intervals. Three intervals each of EC and EO data were collected and subdivided into 2 s epochs. Independent component analysis (ICA) was used to remove blink and saccade artefact present during EO states and saccades present during EC states. 14, 15 Epochs were multiplied by a Hanning window, transformed with an fast fourier transform (FFT), scaled to form the power spectral density (PSD) and averaged across channels. Peak y-a band frequency (PTAF) was calculated as the frequency of peak power between 4 and 13 Hz. EC/EO reactivity computed EC power divided by EO power at each channel and averaged across the scalp. Power and reactivity measures were transformed with the natural logarithm (log e ) before statistical testing and before computing the group averages to reduce the effects of non-gaussian distributions.
Statistical analysis
Main effects of analysis of variances (ANOVAs) were used to test for differences in measures between groups, using the presence or absence of medication as a second factor in the analysis. Many people with SCI use medication for the treatment of neuropathic pain or other sequelae resulting from their injury. This presents an ethical dilemma for studies seeking to identify the mechanisms of neuropathic pain, as participants could potentially face severe pain or other complications if their medication is ceased. The inclusion of medication as a factor in the analysis was used to obtain an indication of any contribution of the medication to the effect being observed. Differences between groups were tested using ANOVA. Sign tests were used to indicate the consistency of the direction of difference over all channels between groups rather than basing a decision only on the size of the difference. 11 In this test, the binomial distribution was used to calculate the probability that a given measure would produce the same direction of difference indicated by the results.
Results
Peak y-a frequency There was a significant shift towards lower EEG frequencies, with a reduction in PTAF in the EC state, at all EEG recording sites in the pain group compared to both able-bodied and no-pain groups (sign test, 14/14 sites, P ¼ 0.00006), with statistically significant reductions (Po0.05) at 12 sites compared with the able-bodied group, as shown in Figure 1 . The no-pain group also had reduced PTAF at all sites compared with the able-bodied group, but with a significant difference at site O2 (P ¼ 0.05).
There was a significant reduction in PTAF as an effect of medication, only at three sites P3 (F-test, F ¼ 5.4, P ¼ 0.03), P7 (F-test, F ¼ 4.9, P ¼ 0.04) and Pz (F-test, F ¼ 6.6, P ¼ 0.02), for the combination of pain and able-bodied groups.
EC/EO reactivity
The mean EEG power spectral densities (PSD) over all channels for EC and EO states for the able-bodied, no-pain, and pain groups are shown in Figure 2 . The able-bodied PSD is characterized by a change in spectral activity between EC and EO states, with an increase in power across a broad band of frequencies in the EC state, particularly at the a (8-13 Hz) and b (14-40 Hz) band spectral peaks, consistent with independent observations in the literature 16 ( Figure 2a ). This change is, to a large extent, also reflected in the no-pain group (Figure 2b ). In contrast with the able-bodied and nopain groups, the pain group is characterized by a limited change in spectral activity between EC and EO states across a broad band of frequencies, particularly at the a-and b-band spectral peaks (Figure 2c ). To quantify this change in reactivity, a measure of broadband (1-40 Hz) EC/EO reactivity was determined at each site, in each individual. The pain group had decreased broadband EC/EO reactivity across all recording sites in comparison to both the able-bodied and no-pain groups (sign test, 14/14 sites, P ¼ 0.00006), with ANOVAs indicating a significant decrease (Po0.05) at 11 sites compared with the able-bodied group, and at four central (C3, C4) and frontal (F3, Fp1) sites compared with the no-pain group, as indicated in Figure 3 . Further analysis showed that EC/EO reactivity in the pain group was consistently reduced across all recording sites in all EEG frequency bands (d 1-4 Hz, y 4-8 Hz, a 8-13 Hz and b 14-40 Hz) (sign test, 14/14 sites, P ¼ 0.00006). The no-pain group had consistently reduced broadband (1-40 Hz) EC/EO reactivity across all sites in comparison to the able-bodied group, but this was not significant for any individual recording site.
There was no significant effect of medication on EC/EO reactivity at any site, for the combinations of pain and ablebodied, or pain and no-pain groups.
Discussion
The results of the present study show a generalized slowing of the EEG in people with neuropathic SCI pain. Although slowing of the EEG was present in both the pain and no-pain groups, it was clearly greater in the group with neuropathic pain, which had consistent slowing at all electrode sites in comparison to the no-pain group. Furthermore, in comparison to the able-bodied group, the pain group showed significant slowing at 12 electrode sites, whereas the nopain group showed significant slowing at only one site.
Part of the EEG slowing observed in this study appears to be due to the medication taken to alleviate symptoms of neuropathic pain. However, when comparisons were made between the medication and no-medication groups, significant EEG slowing was observed at only a relatively small number of electrode sites (three). This compares with more generalized slowing over 12 sites when the pain group was compared with the able-bodied group. Therefore it appears that EEG slowing is not solely attributable to the use of medication. This is consistent with the study of Sarnthein et al. 10 who also found that medication use had an additive effect on EEG activity in subjects with neuropathic pain but did not account for the extent of the changes. Thus, the overall results suggest that neuropathic pain in SCI is associated with a slowing of the EEG towards the y frequency range, consistent with the putative presence of TCD in this population. These results are consistent with other reports that demonstrate a shift in the dominant EEG frequency towards lower frequencies in people with neuropathic pain. 9, 10 However, previous studies have been performed in groups of people with neuropathic pain of mixed Figure 1 Peak y-a band (4-13 Hz) frequency (PTAF) in the eyesclosed state at each site for able-bodied (circles/solid), no-pain (squares/dashed) and pain (triangles/dotted) groups. The symbol * indicates sites, at which PTAF in the pain group was significantly less than PTAF in the able-bodied group.
Electroencephalographic and reduced reactivity P Boord et al origins and this is the first study which has examined a group that only includes people with neuropathic pain following SCI. TCD has been proposed to form the basis for a range of neurological disorders, including neuropathic pain. [7] [8] [9] [10] The relationship between changes in rhythmicity and pain, however, has been questioned and it has been suggested that they are not specifically related to pain. 17 SCI itself may result in alterations in rhythmicity and recent experimental evidence from our own group also indicates a slowing of the human EEG in people with SCI. 11 The findings from the present study also indicate that changes in EEG activity occur in people with SCI but without pain, although not as robust or as widespread. Thus, it appears that the presence of neuropathic pain may be due to either the severity of the changes or additional factors which may generate pain in the presence of an underlying alteration in rhythmicity. TCD is thought to arise from a hyperpolarization of thalamic neurons, through either excess inhibition or disfacilitation of these cells. 7 Hyperpolarization of these cells, leads to low-threshold calcium spike bursts 6 producing widespread coherent slow-wave activity that drives thalamocortical modules at these rhythms and can be measured at the scalp. 7 It is hypothesized that activation of cortico-cortical inhibitory interneurons at low frequencies reduces lateral inhibition and that this in turn disinhibits Electroencephalographic and reduced reactivity P Boord et al neighbouring cortical modules, causing them to activate at high frequencies in a process called the 'edge-effect'. 7, 8 A current view in neurophysiology is that modules or cortical networks activated at high frequencies (b-or g-band frequencies, 20-40 Hz and above) are thought to provide a basis for perceptual binding, 18 and that different configurations of activated networks are in some way mapped to conscious experience. 19 The proposed role of TCD in the genesis of neuropathic pain, therefore, is through disinhibition and subsequent activation of those networks that map to conscious experiences of pain. A second effect observed in this study is the reduced reactivity of the EEG frequency spectrum to an increase or decrease in sensory input, in the EO or EC state, respectively. This effect is evident from the EO and EC PSD graphs shown for each group in Figure 2 , which show reduced reactivity across a broad frequency spectrum. This effect was consistently observed at all sites in the pain group in comparison to the able-bodied and no-pain groups with significantly reduced reactivity in the pain group at 11 sites in comparison to the able-bodied group, and at four sites in comparison to the no-pain group. In contrast, there was no significant effect on EO/EC reactivity associated with medication.
The difference in EEG activity between the EO and EC states is a useful indicator of the function of thalamocortical networks. Neurophysiological effects of EEG spectral changes during states of EC and EO have recently been explored using biophysical models of thalamocortical networks. 20 Through fitting the model's theoretical EEG power spectrum to power spectra from 100 subjects in a normative database, neurophysiological changes could be inferred between states of EO and EC. 20 Significant changes occurred in various parameters between states, including excitatory gains within the cortex, excitatory cortico-thalamocortical feedback gains and intrathalamic inhibitory feedback gains. Our results suggest that the neuronal networks in the ablebodied and no-pain groups adjust to the change in sensory input between the EO and EC states, whereas the pain group fails to do so. This suggests that the dynamic mechanisms that adjust these parameters are significantly affected in people with neuropathic SCI pain.
In summary, the present study provides evidence that neuropathic pain following SCI is associated with alterations in brain electrical activity, observed as a shift in the EEG towards slower frequencies. This shift is consistent with the same phenomenon that has been observed in other neuropathic pain conditions and provides further insight into the changes occurring at a brain level that may contribute to the development of neuropathic SCI pain. Figure 3 Mean whole band EC/EO reactivity (1-40 Hz) at each site for able-bodied (circles/solid), no-pain (squares/dashed) and pain (triangles/dotted) groups. The symbol * indicates sites at which EC/ EO reactivity in the pain group was significantly less than EC/EO reactivity in the able-bodied group.
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